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I. SUMMARY 

Cubic perovskites should be desirable host crystals for "laser" dopant ions.   A 

longer fluorescent lifetime is anticipated when the dopant is at a center of symmetry.   Only 

four II-IV perovskite oxides have been proven to be cubic; they are SrTiQj, SrSnC^, BaSnOs 

and BaZrOs.    BaZrOs is predicted to be the best choice for doping with divalent rare-earth 

ions because the zirconium compound is more stable toward reduction.   The synthesis of 

both SrTiOg and BaZrOs has been investigated in this program. 

A self-containment or "skull -melting" method has been developed for fusing and 

maintaining melts of SrTiC^ and BaZrOj.   The problems inherent in "skull-melting" have 

been studied both theoretically and experimentally.   Stable melts of as much as 3 kg of 

both compounds have been made and controlled.   Pulling experiments with SrTiQj have 

shown that the basic operations of the Czochralski method may be performed with skull- 

melts.    Polycrystalline masses of SrTiOj have been "pulled" after nucleation on an 

iridiam rod.   The need for 'seed" material i.as prevented similar pulling of BaZrOj. 

Seed rods have now been obtained and, with improve mi. nts in the starting procedure, it 

should be possible to pul  pure and doped crystals of BaZrOj. 

1-1 



1" 

i i 

I  f I 

II- INTRODUCTION: 

The stated objective of this investigation is the growth of cm3-sized or   tals 

of cubic perovskites of type A^B^Og activated with divalent or tetravalent dopant ca- 

tions.   Underlying this objective is the premise that the fluorescent lifetime of a dop- 

ant ion is greater when that ion is located at a center of gymmetry in the crystal field 

than when it is asymmetrically located.   This contract is recognized as a part of a 

greater effort under ARPA Order 306-62, Program Code Number 37a0. 4730, to es- 

tablish the validity of the premise and to determine to what extent fluorescent life- 

times can be effected. 

Of the known perovskites, few appear attractive for this application.   As dis- 

cussed below and in the previous Annual Summary Report,^' barium zirconate is 

thought to be potentially the best "host" for substitutional doping with divalent rare 

earth ions.   This compound is extremely refractory and the usual techniques of mak- 

ing oxide crystals are not applicable.   Previous experiments on flux growth of BaZrOj 

lead to the conclusion that a melt technique, or more particularly a Czochralski pull- 

ing method, would be more desirable, provided that a means of melting and contain- 

ing this compound could be found.    No crucible materials were known that could be 

used without attack at the required temperatures.   The only way to contain a melt of 

BaZr03 appeared to be self-containment, in a "skull" of solid BaZrO..   Initial experi- 

ments indicated that refractory oxides could indeed be kept molten in a skull of the 

same oxide, by direct coupling with a radio-frequency induction coil.   These experi- 

ments also showed that there were many practical difficulties in skull-melting that 

had to be overcome before the method could be applied to crystal growth.   A consider- 
u 

able portion of the present program has thus been devoted to development of the tech- 

nology required in the skull-melting process.   The remainder of this report describes 

in detail the chemical problems in the perovskites SrTiOg and BaZrCVj, the current 

state of development of the skull-melting technique and its application to Czochralski 

growth of pure and doped crystals of SrTiO^ and BaZrOj. 
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m. DISCUSSIONS OF PEROVSKITE SYSTEMS AS SYMMETRIC HOSTS FOR DOPANT 

IONS 

A, "Cubic" Perovskites: 

In order to fulfill the requirement that the dopant ion enter the lattice 

substitutionally in a site of high symmetry, the host perovskitc should be cubic.   A cen- 

ter of symmetry may exist in other crystal classes but, in the perovskites, a departure 

from cubic symmetry usually destroys this symmetry element.    The perovskite struc- 

ture is ideally the cubic structure obtained for a compound ABOg when the A atoms oc- 

cupy the body center, the B atoms the corners and the Oatoms the edge centers of the 

unit cube.   (Alternatively, the unit cell may be centered on the B atom, with A atoms 

on the corners and the O atoms on the face centers of the cell).   Despite the apparent 

simplicity of the perovskite structure, many ABOg compounds, including the mineral 

"Perovskite" (CaTiC^) for which the structure is named, form crystals which are dis- 

tortions of the ideal cubic structure.   These distortions degrade the cubic symmetry to 

tetragonal, orthorhombic or rhombohedral symmetry and can be viewed as the result 

of slight displacements of the atoms from the cubic sites.   Very frequently a single com- 

pound will undergo one or more first or second order polymorphic phase transitions when 

the temperature is decreased.   The transitions are almost always to structures which are 

but slight distortions of the cubic structure.   Many of these distorted phases are either 

ferroelectric or antiferroelectric.   These interesting properties have stimulated re- 

search on perovskite systems, particularly the distorted structures, but are beyond 

the scope of the present study.   It is convenient to refer to all such compounds, whether 

distorted or not, as "perovskites".   As symmetrical hosts for dopant ions however, only 

those structures which are close to ideally cubic are of interest. 

If an ideally cubic perovskite structure is to be formed, then the ions 

must obviously be of appropriate size. This leads to the concept of the "tolerance fac- 

tor"* discussed in the previous report.   This factor is very useful in making comparisons 

*The tolerance factor "TV for a compound ABO3, may be defined as; 

T = 
1 (RA   ^Ro) 

W      (RB   + R0) 

perovskite structure. 

where the R's are the ionic radii appropriate 
for the coordination numbers found in the 
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between different conipounds; the absolute value is, however, not a good measure of 

morphology.   The ideal cubic perovskite should have a tolerance factor of exactly 1. 00, 

but the values calculated from the customary lists of ionic radii are usually less than 

1. 00 for either cubic or distorted perovskites.   The tolerance factor does not explicitly 

tike account of the oxygen-oxygen distance, and pairs of appropriate values of R^ and Rg 

should satisfy the criterion equally well.   Still another way of viewing the perovskite 

structure is that of a close-packed cubic array of oxygen ions with one fourth of these 

ions replaced by A ions.    The B ions occupy one fourth of the octahedral voids.   Thus, 
o 

for an ideal perovskite, the A ion should be equal in size to oxygen or R^ = R0— 1. 40 A 

and the B ion shou'd be of size given by Rg = {-J% - 1) RQAT 0. 58 K.   In this ideal paek- 
_. o 

ing, the ur    cell edge should be 2 V2 R0 or ca. 3. 96 A. 

In order to see how real compounds obey these rules, examine the re- 

sults obtained by Rotm ' who has made an extensive investigation of the structure of 

perovskites.   In Table I below are listed a)' the A     B+403 perovsk?tes that Roth deter- 

mined to be cubic at room temperature.   The table also gives the melting point, ionic 

radii, * unit cell edge and the tolerance factor calculated with and without regard to the 

coordination number of the A atom. 

TABLE I 

Cubic A+2 B+4 Og Perovskites 

Compound m. p.9C RA(A) RglAl 

0 

aA T T corr 

SrTiOa 2050 1. 13 0.63 3.904 .86 .93 

SrSnOs 2100 i. 13 0.71 4. 034 .85 .92 

BaSnOg ca2060 1.35 0.71 4. 114 .92 1.00 

BaZrOj 2600 1.35 0.50 4. 192 .88 .96 

It is found that the geometric rules are only partially satisfied by these 

compounds.   The corrected tolerance factor is close to unity , usually being slightly 

smaller.   The unit cell is usually somewhat expanded and the R- values are too large for 

♦Calculated ionic radii taken from (3),   The radii are for 6-fold coordination and are very 
close to those used by Roth (2). 
y^corr is the T value increased by 8% to correct for the 12-fold coordination of the A 
atom (1). 
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ideality.   These departures from the rules are not unexpected and the agreement is prob- 

ably as close as it should be for a simple "hard sphere'' model of the ionic packing. 

It is rather remarkable that of all the known perovskites only the four 

compounds listed in Table I have been shown to be cubic at room temperature.   At high- 

er temperatures several other compounds may transform to the cubic phase.   For ex- 

ample, BaTiOg is cubic above its Curie point at ca 120oC.   At lower temperatures even 

these compounds may undergo transition'? to distorted phases.   SrTiOg has been studied 

intensively^' ^ and it has been shown to have a transition at 110oK to a very slightly 

distorted phase, and possibly two other transitions at lower temperatures.   Tb', iow 

temperature properties of the other cubic compounds are in doubt. 

Any of these cubic compounds should be satisfactory as a symmetri- 

cal host crystal from a geometrical point of view, provided that the dopant ions are of 

appropriate size to substitute into the lattice.   The desired dopants are the divalent 

rare earths Sm+2, Eu+2, Yb+2 and possibly others, which should substitute into the 

A sub-lattice, and tetravalent ions such as Th+^ or Mn+4, which should substitute into 

the B-sublattice.   The ionic radiu» of Eu4"2 has been variously reported as 1. 16 A,^2- 

0. 03 A less than Sr+2 or about 1.10 A, ^ 1. 16 to 1. 21 A^7) and 1. 29 A^.   The radius 

of Sm+2 is expected to be subtly larger and that of Yb+2 and some»vhat smaller than 

Eu+2 due to the "lanthanide contraction".   These sizes are in between 'hose of Sr4-2 

and Ba " and these ions should substitute into the A lattice of any of the cubic com- 

pounds without great difficulty.   The radius of Tb+4 is given as 0. 81 A ^ while that 

of Mn+4 is 0. 52 A^ ',   The Mn+4 radius is, therefore, somewhat small for the B posi- 

tion while Tb+4 is very nearly equal to Zr+4    Finally, it is noted that none of the dop- 

ant ions given here are in the normal valence state for the element.   The oxidation-re- 

duction properties of the host and atmosphere must thus be considered when attempt- 

ing to stabilize these dopant ions in the cubic perovskite host. 

^ Crystal and Defect Chemistry of Cubic Perovskites: 

Apparently there have been no comprehensive or definitive studies 

on the "defect" structure of cubic or pseudo-cubic perovskites.   However, at least 
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one such study is now underway.   R. E. Grace and L. C, Walters' ^ at Purdue Univer- 

sity have initiated experiments on the defect structure of SrTiOs.   Despite this lack of 

knowiedge on the Hefect structure, there is quite a bit of empirical evidence on perov- 

skites, particularly BaTiO and SrTiCV ^^ must be compatible with the defect struc- 

ture and which can be used as a guide to anticipating the structure of these materials. 

Some of this evIJc»ii,e will be reviewed here, with particular regard to the compounds 

SrTiO] and BaZrOj. because it appears that the usefulness of the cubic perovskites as 

hosts for the desired dopants may depend strongly on the defect structure of the host. 

Several perovskites, including SrTiOs, have been shown to exhibit 

anion deficiency or a departure from stoichiometry wherein the compound may be rr. - 

presented by: 

AB03.X (1) 

where:   x - o for ideal perovskite 

x ^ o for oxygen deficient structure. 

In fact, Kestigian et al' ' have shown that x mav be as high as 0. 5 for strontium tita- 

nate (SrTi02, 5) prepared from stnntium oxide and titanium sesquioxide (T^Os).   It 

is very likely that this very wide range of oxygen deficiency is stabilized by the re- 

duction of the titanium from Ti4"4 to Ti+3.   Oxygen deficient strontium titanate may 

then be written as: 

SrTf^2x  Tigo.^ 2) 

This view is supported by the fact thai compounds such as LaTiO^9) and CeTiOj^ 

have been prepared, wherein the titanium is believed to exist in the trivalent state. 

Extensive studies by Buessem et al. ^0'  ^) have shown that the oxygen deficiency 

in rutile (TiC^) is also explained by assuming reduction of Ti+4 to Ti+;i.    Doping of 

SrTiO, with La"*"' may be accounted for by a similar mechanism^9-  12) and the doped 

material is said to be an n-type semiconductor.    Frederikse et al. ^ ' have investi- 

gated the transport properties of doped and "reduced" strontium titanate at low tem- 

pen-.jres.   Electronic or n-type conductivity is observed.    It is noteworthy here that 

attempts to prepare reduced perovskites with zirconium in the B site, such as LaZrOo, 

have been unsuccessful.'"'   In the same study, attempts to produce lower oxides of 
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zirconium led to formation of the metal.   It is, however, well known^14'  ^ that oxygen 

Ion vacancies occur in "stabilized" zirconias and that these are responsible for their 

ionic conduction.   Finally, experiments on crystal growth at the Linde laboratories and 

elsewhere show that strontium titanate is oxygen-deficient when prepared by flame fu- 

sion but may be reoxidized to near stoichiometry by annealing in (>> gas at a lower tem- 

perature. 

These various facto and observations may be incorporated into a pri- 

mative theory for the defects expected in the cubic perovskites.   The following mechan- 

isms have not been completely established and their validity remains to be proved.   How- 

ever, they appear reasonably in accord with presently available data and offer a guide to 

experimental work with cubic perovskites. 

The basic perovskite lattice is co.   idered to be larger, (but probably not 

completely) ionic in binding.   If the ionic crystal is in equilibrium with oxygen vacancies, 

and these In turn are in equilibrium with oxygen gas, the reaction may be written as fol- 

lows, using "ionic" notation- (see reference 16) 

A+2 B+4(0-2)3   _. A+2 B+4(0-2)3_x  (Vo
2_2)x  +| O., (g)        ^ (3) 

The vacancies will tend to be strongly ionized according to: 

(vf-j) ;=* (V~.2)- + e
- K^ (4) 

(V;.,)- - (Vo..2)- ■   + e" K5 (5) 

If the B ions can exist in a reduced state tnen the reaction, 

+4        -      „       +3 
B      +e   ^ (B   )' K6 (6) 

can occur.   Finally, the usual electronic equilibrium between electrons and holes may 

establish; 

-      + 
Ground state  j==   e   + e K (7) 

(n)    (p) 7 
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The condition for electroneutralitv mav be formulated as: 

n + (B    )' = P Dv)] +* Ij^y] (8) 

Since the compounds of interest are either good insulators or n-type semi-conductors, 

the value for p in equation (S) is probably small and may be eliminated, thus: 

r 
n - [(B*3)J -  [(V'.2)* + 2 (Vo-2)- (9) 

It is also quite possible that "complexes" of the B     ion and the vacancies may form, 

but these need not be treated explicitly here.   Similarly other defects, such as B inter- 

stitlals, may be possible but are neglected here. 

The properties will depend strongly upon the equilibrium established 

in equation (8).   It has been shown above that this reaction is probably very important 

for the titanates.   A similar kind of reaction may be expected for the stannates, al- 

though here two electrons may be exchanged at once. 

+4 
Sn     + 2e 

+2 
(Sn    )" (10) 

Such reductions have not been reported for the zirconates and in this respect BaZrO^ 

should be more ideal thar the other cubic perovskites. 

The behavior toward dopant ions will also be strongly dependent on 

the defect structure.   For example a trivaJent impurity, 1    , substituting into the A 

sub-lattice will act as; 

+3    . 
(IA+2) (11) 

and should thus be added to the right side of equation (9), while substitution of a tri- 

valent impurity into the B sub-lattice will produce; 

(&,■ (12) 
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which will add to the left side of equation (9).   The rare earths are all normally triva- 

lent, but it is desired here to have the dopant substitute into the A sub-lattice without 

charge compensation.   The rare earth must, therefore, be in the divalent state.   Con- 

sider the equilibrium: 

( Ln
A+2) + e 

+2 
V Ln.+2 

K 13 (13) 

This reaction resembles equation (6) and the two reactions may be considered to be in 

competition, since both of the "oxidized" ions are competing for the electrons. Com- 

bining    equations (6) and (13) one obtains: 

+2 
Ln.+2 B 

+4 JSii +3 
V (Ln»+2)' 

+3 
(B    )' (14) 

In order to achieve the desired divalent doping, equation (14) requires that K^/K«^ 1. 
(17) 6 

Recently, Schaufele and Weber      have reported on the "Vibronic Spectrum and Fluor- 
+3 

escence Properties of Eu     in SrTiCV'.   The fluorescence data clearly shows the europ- 

ium to be trivalent, ) ut there was no indication of the charge compensation mechanism. 

The compensating ion is probably Ti     as discusse , above.   In this example, it appears 

that the ratio K^/Kg iS ncrt large but probably less than unity.   Since europium is one 

of the most easily reduced of the rare earths, it appears probable that equation (14) 

will always favor the products on the right when the B atom is titanium.   Another way 

of stating this is to say that the divalent rare earths are better reducing agents (in the 
+3 

crystal) than is Ti    .   It is expected that K   "/ill be much smaller for BaZrOs and thai. 

the requirement for stabilization of the divalent state, K   /K ^ 1, can be met. 
13    6'' 

The dopants for the B sub-lattice are wanted in the tetravalent state. 

If lower states exist, there may be equilibria of the type: 

(I^+l)' 
.+4 
'B4 
I-,+4 K 

'15 (15) 

The existence of lower oxidation states for B does not impede this reaction but may 

promote it.   Ihu-- the combination of equations (6) and (15) yields: 

H1 ~ +4 ^ r +3 V'J |_<B >' K6K15 

+3 
B 

L      J 
(16) 
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The condition for electroneutrality may be formulated as: 
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which will add to the left side of equation (9).   The rare earths are all normally triva- 

lent, but it is desired here to have the dopant substitute into the A sub-lattice without 

charge compensation.   The rare earth must, therefore, be in the divalent state.   Con- 

sider the equilibrium: 

T    ^3 

(LnA+2) + e T   +2 
LnA+2 

K 13 (13) 

This reaction resembles equation (6) and the two reactions may be considered to be in 

competition, since both of the "oxidized" ions are competing for the electrons, Com- 

bining    equations (6) and (13) one obtains: 

+2 
V Lni+2 

+4 
(LV2)" 

+3 
(B    )' (14) 

In orcter to achieve the desired divalent doping, equation (14) requires that K^/K,,^ 1. 
(17) 

Recently, Schaufele and Weberx      have reported on the "Vibronic Spectrum and Fluor- 
+3 

escence Properties of Eu     in SrTiCV'.   The fluorescence data clearly shows the europ- 

ium to be trivalent, but there was no indication of the charge compensation mechanism. 
-r3 

The compensating ion is probably Ti     as discussed above.   In tuis example, it appears 

that the ratio K-g/K   is not large but probably less than unity.   Since europium is one 

of the most easily reduced of the rare earths, it appears probable that equation (14) 

will always favor the products on the right when the B atom is titanium.   Another way 

of stating this is to say that the divalent rare earths are better reducing agents (in the 

crystal) than is Ti    .   It is expected that K   will be much smaller for BaZrOs and that 

the requirement for stabilization of the divalent state, K „/K,^ 1, can be met. 
lo      b  ' 

The dopaiits for the B sub-lattice are wanted in the tetravalent state. 

If lower states exist, there may be equilibria of the type: 

.+3 
-B1 (W IB+4     +e K 

15 (15) 

The existence of lower oxidation states for B does not impede this reaction but may 

promote it.   Thus the combination of equations (6) and (15) yields: 

T+4 r   -3,1 (B    )' K6K15 (V4)' B 
-t-4 

(16) 
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Reactions of this type may put the dopant in the desired valence state but only by creat- 
+3 

ing other imperfections (B    )' in the neighborhood.   The best situation will be when both 

ions are in their oxidized state.   Tläs requires removing electrons and decreasing the 

oxygen vacanuieä by increasing the partial pressure of oxygen gas.   In attempting to dope 
+4 

into the B sub-lattice, with Mn     for example, the main problem is whether or not the 

desired partial pressure of oxygen can be obtained in the experiment.   If this partial pres- 

sure is one atmosphere or less there should be no difficulty, but partial pressures in ex- 

cess of one atmosphere would necessitate the use of special "high pressure" apparatus. 

C. Growth Methods: 

Of the four cubic perovskites, SrTiOj and BaZrC^ were chosen for in- 

tensive study. Initial experiments indicated that the stannates would be just ae difficult 

to prepare and would be subject to the same problems of crystal chemistry as the titan- 

ates, as described above. BaZrC^ was thought to offer the best potential as a host 

material, but it was apparent that it would be quite difficult to make due to its very high 

melting point. The fusion of SrTiC^ is more easily accomplished, and study of the melt 

growth of this compound was continued as a pilot substance for the studies with BaZrO), 

despite the fact that other modes of synthesis, such as flame fusion, are applicable. 

Furthermore, this compound is still of interest as a host for tetravalent dopants as de- 
JjES; 

scribed above. 

3T The most recent phase diagrams published in "Phase Diagram for Cera- 

mists"1      for the binary oxide systems SrO-TiOj and MO-ZrOa (including BaO - ZrC^) 

are shown in Figure 1.   These diagrams show that both SrTiOj and BaZrOs have con- 

gruent melting points and may, therefore, be prepared from melts of stoichiometric 

composition.   Measurements made in the Linde laboratories indicate that the melting 
If 

point of SrTiOs is ca 2050oC or close to that shown m the upper diagram in Figure 1. 

The right hand diagram in Figure 1 indicates that the melting point of BaZrO} exceeds 

2600oC.   No precise measurements of the exact melting point have been made but we 

have measured a liquidus temperature of ca 2600oC for a near-stoichiometric melt. 

This agrees well with Figure 1.   This literature data is quite old but still seems to be 

the best available.   There is no indication of what "fine structure" may be present in 
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the phase diagram, or whether or not compounds are formed in addition to the Itl com- 

poand. 

The possible methods for growing these compounds are not numerous. 

Flame fusion or the Verneuil technique, Czochralski "pulling" and growth from fluxes 

have all been considered.   Strontium titanate can be grown by flame fusion, but flame 

temperatures high enough tu melt BaZrO^ are not available     Flux methods do not 

usually produce as sizeable crystals as the other techniques, and flux inclusion is 

frequently a serious problem.   The results of experiments with all three metheds have 

been described in the previous Annual Summary Report     .    It was concluded therein 

that the Czochralski method offered the most promise.    However, these compounds are 

difficult to contain when molten, and there appear to be no truly inert crucible materi- 

als to use.   Strontium titanate has been fused in iridium crucibles in the Linde labora- 
(19) 

tories and elsewhere     '.   Our results were not completely satisfactory; there was 

always some evidence of reaction with the crucible and contamination of the melt. 

Barium zirconate cannot, of course   be melted in iridium.   Two additional techniques 

appear to be available for melting these refractory and oxidizing materials.   One in- 

volves operating appreciably off stoichiometry in the AO-BO? system (see Figure 1) 

and thus depressing the melting point sufficiently so that more traditional crucible 

materials may be employed.   Barium titanate, strontium titanate and a variety of 

other perovskites have been pulled from platinum in this manner'"   .    For strontium 

titanate the composition must be set fairly close to the lower eutectic in order to stay 

below the melting point of platinum.    It is conceivable that the same type of thing could 

bt ione with BaZrOs by adding a large excess of either ZrOj or BaO and containing the 

melt in iridium (or even platinum if the diagram of Figure 1 is valid).   The phase dia- 

gram is so poorly defined that these predictions are very uncertain.    The other possi- 

bility is that of containing the melt in a solid shell or "skull'T of its own composition 

"Skull melting" has sometimes been applied to metal and semi-metal fusions and offers 

the obvious advantage that contamination from crucible materials is avoided.   In order 

to apply this technique to refractory oxide systems, it is necessary to find means for 

supplying the thermal energy required for melting and holding the charge.   When a 
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erucibk- is used, it may be externally heated, or it may be used as a radio-frequency sus- 

ceptor to supply the requisite heat.   In the skull-nicltlng piocess all the heat cannot be 

supplied from the outside.   Conversely, if inert crucible materials are not available, then 

there are no inert materials lor use as internal susceptors.   The solution to this problem 

appears to be to use the molten liquid as its own susceptor and couple it directly to a radio- 
(21) 

frequency, induction-heating power source.   Van Arkel et al have shown that the elec- 

trical conductivities of molten oxides acof the same order as that of the molten halides.   It 

should therefore be sufficient to allow coupling of the energy from an r-f generator.    The 
(22) leasibiiity of direct coupling to oxide melts was demonstrated by Montetorte et al. who 

maintained melts oi manganese ferrite in an r-f coil.   Initial experiments conducted at 

Linde were encouraging; it was found that very refractory substances could be fused.    The 

potential advantages of the skull-melting technique, (a) absence of crucible and other possible 

contaminants, (b) applicability to extremely refractory materials, and (c) ability to operate 

in different "atmospheres" including strongly oxidizing atmospheres, appeared very attrac- 

tive.   The application of this technique to the melting of SrTiOs and BaZrOs is discussed in 

detail in the next section. 
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IV.            DEVELOPMENT OF "SKULL-MELTING" TECHNIQUE FOR CZOCHRALSKI 

CRYSTAL GROWTH 

A^ Genera). Concept of Skull-Melting as Applied to Refractory Oxides: 

The compounds of interest are insulators or semiconductors at low 

temperatures.   Thus the interaction of these solids with an electromagnetic field will 

differ f^om that nf metals or other conductors.    No currents, other than displacement 

currents, will circulate in these materials and there will be little if any Joule heating 

of these substances.   Such solids are not heated appreciably by placing them in a radio- 

frequency induction coil.   In one respect this is advantageous.   The skull-melting con- 

cept requires that the molten material be surrounded by the solid oxide.    In induction 

heating, as well as many other methods of heating, most of the power tends to be dis- 

sipated in the outer layers of the object.   If the solid skull conducted electricity, it 

would be impossible to establish a stable skull by coupling to an external coil.   On the 

other hand, the molten oxides must have an appreciable electrical conductivity so that 

the necessary power may be dissipated.   This condition can usually be satisfied, if a 

high-frequency power source is used.   It is therefore ^ alid to consider the liquid oxide 

as a conductor of conductivity Q~ , while treating the solid as an insulator { (T' .     = o). 
solid 

In order to quantitatively determine the power delivered to the melt, it is in general 

necessary to solve Maxwell's equations for the particular geometry.    If a cylindrical 

symmetrical geometry is employed, solutions may be obtained in the form of complex 

Bessel functions {see section B below).   There are aspects to skull-melting that limit 

the usefulness of this genernl approacn.   The geometry is usually not trui;- symmetri- 

cal, showing at least asymmetry from top to bottom.   The values of the electrical con- 

ductivity, 0~, of oxide melts are usually only approximately known, if at all, and it 

may be a strong function of composition and temperature.   Most important, however, 

is the fact that the interface between the melt and the solid skull is not prescribed but 

is variable and dependent on a balance in the energy flows.   Approximate "engineering" 

solutions appear to be more useful than the direct application of Maxwell's equations. 

This problem is treated in section B. 
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The stability of the skull depends on the establishment of a steady 

state energy balance.   At least part of the input energy will be dissipated in the thermal 

flux flowing out through the skull.    This energy flow decreases the efficiency of the pro- 

cess but must occur in the steady state.   It is not apparent, a priori, that all skull 

geometries can be stable.   This question is treated in section D, wherein I! is shown 

that stability depends on the relative skull thickness and on the electrical conductivity 

of the melt.   If the thickness becomes too large or the conductivity too low the skull 

boundary becomes unstable. 

The formation of the skull presents problems.   The desired material 

is usually not readily available i.s a dense material nreformed to the proper size and 

shape.   Frequently, one is forced to start with a powder.   While in certain cas^s it 

might be desirable to make special sintered ceramic shapes, the problem of stabiliz- 

ing the skull cannot be avoided.   The experiments described here have been conducted 

with fine powders as the starting material, the formation of the skull occurring in situ. 

It has been found by experiment, however, that it is desirable to have some form of 

auxiliary "container5' to confine the charge and prevent the fluid melt from running out 

during formation of the skull.   Inert dielectric materials, that can withstand the condi- 

tions, are not available.   These auxiliary oarts have therefore been built of copper and 

are water-cooled to prevent them from melting.   The auxiliary container cannot, how- 

ever, functloii as a susceptor or electrical short-circuit, because the coupling of power 

to the melt would then be lost.   The two requirements of confinement, and not short- 

circuiting the power, are in conflict-   A satis   ctory solution must therefore be a com- 

promise, and the auxiliary container design is complicated.   Many designs have been 

conceived and empirically tested.   Satisfactory compromises have been achieved and 

the important features of their design established. 

Since the entire purpose of the skull-melting technique is to obtain 

oxide nieits from which crystals can be pulled, the problem of controlling the melt size 

and temperature must be solved.   This must be done by controlling the electrical power 

delivered to the melt.   The skull-melting process has a degree of freedom less than 

more conventional melting processes, since the solid-liquid interface is a phase 
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boundary.   For crystal synthesis a phase boundary must also exist at the interface of the 

growing crystal.   In high temperature systems, the crystal interface frequently is the 

lowest, temperature in the melt, a temperature gradient being established to the wall.   It 

is not apparent how fhis can be compatible with a second phase boundary at the skull. 

The answer has been found by experiment.   It can be demonstrated that it impossible to 

maintain temperature gradients in a melt such that the interface at a crystal being pull- 

ed and the skull are both in dynamical equilibrium.   The range of control may, however, 

be somewhat limited by the second phase boundary, 

B. Electrical Coupling to Melts: 

If the experimental geometry can be reasonably approximated by a semi- 

infinite cylindrical geometry, then the Maxwell field equations (23) reduce to: 

Ja = - " 
es r 3-t 

By making the substitutions D = € E, B =lt H and E = J/CT', these equations reduce to 

relations between the current density and magnetic field; 

rr       ^(ät  i       <18) 

In the general case the electrical conductivity, (T". may be a function of temperature 

and, hence of r, if there are therrul gradients.    Furthermore if the conductivity is 

very low, the relaxation time €/(f may be large in relation to the frequency leading 
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to "displacement currents".   This would be the case for a good dielectric.   For any appre- 

ciable conductivity, however, the last term in the lower equation (18) vanishes and, to the 

extent that     e conductivity may be considered constant, the equations combine to: 

(19) 

For sinusoidal fields, i)H /yt - jwH , and this equation (in rationalized m.k. s. system) 

is equivalent to that given by Simpson(24),   Simpson shows how equation (19) may be seiz- 

ed in terms of the complex Bessel functions; ber, bei, berf, bei'.   The result for the 

field, H , inside the "workpiece", relative to that at the surface. H     where r = a, is 
z zo 

given by: 

H ber kr + j bei kr 
—   = — (20) 
H ber ka + j bei ka 

zo 

1/2 
vvhere k = {üijAf ) 

The relative current density is found from equations (20) and (18) and is: 

(J )          ber' kr + j bei' kr /01. er  _  (21) 
(J ) ber' ka + j bei? ka 

e  a 

These results may now be developed for various cases to determine „he total flux and 

power in cylindrical "workpieces".   Many examples of tlv's type of calculation are given 

by Simpson (24).   The concept of the "skin-depth" or "penetration depth" is frequently 

used in these high-frequency calculations.   The skin depth, (5   . may be defined by, 

r3 l   6ü/< (T    1 - meters. (22) (■ 
and represents the effective average denth of penetration of the current.    For relative- 

ly small values of d  , the actual current distribution may be approximated by a uni- 

form current throughout the depth o  .   Similarly, the effective r - f resistance of an 

actual circuit may be calculated from an analogous circuit whose depth is d   using d - c 

valut a ^or the resistivity.   For sufficiently large values of aüMtf", and thus for a small 
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skin depth, the Joule heating may be reasonably assumed to occur in the "skin".   When 

th© depth is large, relative to the radius of the cylinder, the current distribution must 

b-s evaluated.    For a melt, however, stirring by convection occurs and knowledge of the 

total power delivered is more important than knowing the spatial distribution. 

Equations (20) and (21) may be evaluated from tabulated values of ber, 

bei and their derivatives (24, 25) but these expressions are rather inconvenient to use 

when the properties and dimensions of the object are variable.   What is really desired 

is to know how to couple a melt to an induction coil in the tank circuit of a radio-frequency 

power oscillator.   The coil, and the conductive objects inside it, may be considered as a 

complex inductance wherein the "loss" term it responsiWa for the power dissipation or 

Joule heating.   However, the calculation of the complex inductance alto requires evaluat- 

ing Bessel functions.   Fortunately, a very similar problem is encountered in "eddy cur- 

rent" testing of materials. (26)  Conductive objects, usually cylindrical, are placed in- 

side an induction coil and the impedence change in the circuit is measured.   It IJ desired 

to observe and identify variations in size and conductivity and to detect flaws or voids in 

the object.   The development and application of this method of testing is described at 

length in reference       , following the extensive work of Förster      .   Forster has evalu- 

ated the functions and shown how the behavior of a coil and load may be conveniently ex- 

pressed in terms of a "complex effective permeability", which will depend on the perme- 

ability, conductivity and dimensions of the object and on the frequency.   The latter quanti- 

ties may be combined to a single variable, F.   A plot of the real and imaginary parts ot 

the complex effective permeability as a function of F, is shown in Figure 2.   The complex 

effective permeability is the permeability of a fictitious substance that would behave as 

the actual load.    There are several interesting aspects to Figure 2.   At very low values 

of CT'and f the coil is uneffected; K   ' = 1 and K   " = 0 as for free space.   At higher mm r o- 

values of F, K   ' decreases, K   " increases and a maximum loss occurs at F = ca. 6. 
m m 

At high values of F both K   ' and K   " decrease.   Furthermore, it mav be noted that the 
mm " 

qualitv factor for the coil, Q = «0 L/R = K   '/K   ", is never less than unitv (for a homo- 
m      m 

geneous cylinder; the problem differs for tubing), although the reactance and resistance 

will both vanish together for large F.   In Figure 2, the loading object is treated as com- 

pletely filling the coil; this is usually not so in practice.   The cylindrical load, or 
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"workpiece''. is often considerably smaller than the coil.   The filling factor, ^   , or the 

cross section of the work relative to the coil must be considered.   When the filling factor 

is less than unitv the curve of Figure 2 shrinks uniformly toward the point K   ' =- 1 on 
" m 

the ordinate.   The resultant curves are given in references and        , (see also Figure 

3),    It is .low convenient to relocate the origin at K   ' = 1, K   " = 0, and plot a "complex 
m m 

plane map" in terms of ^ (l-K   ') and ^ K   M.   Such a map is shown in Figure 3.   The 

variables in this graph are ft , F and ^~, which for non-magnetic loads are defined by: 

(7~ = electrical conductivity (mho/m) (23) 
of object 

??    = filling factor-/L^-j (24) 

where: d = object diameter, m 
and      D= coil diameter, m 

g~ d2 f JTJ D2 f 
5.066 x 105        5.066 x 10b (    ' 

where: f = frequency in c. p. s 

The quantities  Ä    and F are dimensionleso parameters.   In Figure 3, the spade-shaped 

curves are lines of constant to  ; the radial lines are lines of constant F and the remaining 

curves are drawn for constant ratio of F/y>   .   If the diameter of the coil and ^e frequency 

are fixed, these latter lines represent lines of constant conductivity, 0" ■ 

Finally, it may be shown that the ordinates in Figure 3 are related to the 

effective electrical properties of the coil by the relations: 

m {co L)c 

._R_ 
m      {aJ L)a (    m       (oJ L) 

where:   {ojL)n = coil reactance without load, ohms 

OJ L   = coil reactance with lead, ohms 

R   - effective series resistance of coil with load, ohms 
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The curves and equations used in eddy current testing were originally 

developed for treating long cylindrical bars placed coaxially inside a solenoidal induc- 

tion ceil.   These same relations will be used here, without alteration, to approximate 

inductive coupling to melts, although the geometry may not be as ideal.    The effects of 

melt diameter, melt conductivity and frequency are shown directly by Figure 3.   In 

practice it is difficult to make the filling factor, ?7    , large and therefore only half of 

the complete diagram is given.    Furthermore, radio-frequency oscillators operate at 

rather low power factors (Q » 1) and there is no advantage in striving for extremely 

tight coupling.   Joule heating will only result from the resistive or loss part of the im- 

pedance, corresponding to the abcissa in Figure 3.   It is seen that there is a maximum 

loss allowable for each value of ^ , corresponding to F = ca. 6.   This does not, however, 

correspond to constant conductivity.   The conductivity required for maximum loss will 

vary with ^   .   In most induction heating applications involving metals, the conductivity 

is much larger than this maximum loss value.   The load is then largely inductive, and 

lies close to the ordinate in Figure 3.   Although the loss may be relatively small, heat- 

ing is accomplished by the very large circulating current in the tank circuit of the oscil- 

lator.   In this part of the diagram, variations in«Tand* produce different effects.   The 

behavior of poor conductors is quite different.   Such loads lie near the bottom of the dia- 

gram.   The inductive reactance is only slightly effected and increas JS in (Tand to both 

tend to increase the loss in about the same way.   If the melt has a constant diameter, 

but is allowed to increase in conductivity, it is possible to have the loss increase to a 

maximum (at F ==■ G) and then decrease again.   This type of reversal can result in in- 

stability.   There is evidence that such behavior can occur in certain skull-melting ex- 

periments.   It is thought to be advantageous to operate above the maximum loss region 

in the diagram, or in other words one w^ants F^e.   The conductivity, (T, is not usually 

alterable and ^ is made as large as practical.   The size (as given by D) or the frequency, 

f, must be increased to increase F.    For a given frequency, there will be a minimum size 

for the melt and conversely, experiments on small charges will require high frequencies. 

The dissipation of thermal energy will also depend on the scale of the experiment and an 

energy balance must be made to determine the power requirements. 
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C,     Elnctrical Conductivities of Melts: 

There have been very few measurements made to determine the conduc- 

tivity of molten oxides.   Van Arkel et al. ~     review the subject and report measurements 

on eight oxides (LiO, BigOj, TeC^, PbO, MoOg, V,05, CrOs and Sb203).   Some additional 

"electric furnace" estimates are given for refractory oxides (MgO, CaO, TiC^, ZrCh, 

ThO-f, CrnCh and AUOj).    The conductivities vary with temperature approximately accord- 

ing to an equation of the usual type; 

log (T*   = A + — (28) 

from which activation energies may be calculated.   Some of Van Arkel's results are shown 

in Figure 4 along with other data on various metals, semi-conductors, salts, aqueous solu- 

tions etc. for purposes of comparison.   Some data on solid CaO, ZrC^ and CaZrOs from 
(14) 

Johansen and Cleary        are also shown.   Although the high temperature data may be in- 

accurate, it appears that the molten oxides of interest should have conductivities of the 
3 4 -1 

order of 10   to 10   mho m    .   They should then be better conductors than molten NaCl and 

the strongest of aqueous solutions, but poorer conductors than carbon and the metals. 

Figure 4 also shows that salt   NaCl) is a fairly good insulator when solid and the change in 

conductivity on fusion is about 4 orders of magnitude,    A lesser change is shown for MoO^. 
(14) 

The data on "stabilized zirconias"        indicates that CaO, ZrO^ and CaZrOj acquire appre- 

ciable conductivity before melting and the change on fusion may not be great. This is im- 

portant, since skull-melting depends on having a dielectric solid skull. Nevertheless, ex- 

periments have proved that the extent of the solid conductivity in SrTi03 and BaZrO^ is not 

sufficient to destroy the skull-melting process. 

The conductivity data may be used to estimate the frequency required. 

Equation (25) may be rearranged to (approximately): 

f(mc)-f—       —-j- (29) 
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Calculating for a 5-inch diameter, 0 = 10   mho/na and a filling factor of 0. 6, the fre- 

quency required for F = 6 is found to be about 310 kc.   This is fortunately a convenient 

frequency for inducticn heating equipment.    However, reducing the size or filling factor 

will necessitate higher frequencies.   Our experiments have been conducted at two fre- 

quency regions ca. 350 Kc, and ca. 3 Mc.   Satisfactory coupling to SrTiC^ and BaZrOs 

was obtained at both frequencies but the higher frequency is preferred because it per- 

mits smaller scrie experiments. 

D, Criteria for Stabilitv: 

Joule beating will occur in the melt due to the electrical power dissi- 

pated there.   This power is given by: 

PE - I2R = I2 (wL)e (^ Km") = I2 {wL)a pE (30) 

The function, p    = ( ?f K   "), may be obtained from Figure 3 if the conductivity Is known. 
Hi i    m 

The function will depend on the filling factor,^? , and therefore on the radius of the melt 

relative to that of the coil.   The dependence of p^on ^ or on r = r   /r   is shown in 
E        f mo 

Figure 5 for various fixed viluet» of the ratio F/* , corresponding to constant conduc- 

tivity.   It is seen that the value of p    drops rather quickly with decreasing radius or    , 

but that the rate of decrease is less for larger values of F/* . 

The total electrical power, P     delivered to the melt will ultimately 

be dissipated by heat or other forms of energy flowing out of the system.   In high tem- 

perature melts, an appreciable amount of this energy loss is by radiation from the 

surface of the melt.   Another portion of the input power will be dissipated by thermal 

conduction through the wall of the skull.   Since the melt-solid interface is not fixed 

and since both the input power and heat losses increase with increasing melt diameter, 

it is necessary to inquire whether or not the interface is stable, and if so. what condi- 

tions are required for stability. 
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The radiation los» ur power. P_., mav be written as: 
R 

4^2 4 
?_,   -ecKT      TTr ==    e CK'T      7f (p„) (31) 

R m   '      m m    '     R v    ' 

where: e - emissivity of melt surface 

o(,  = Stefan - Boltzmann constant = 5. 685 x 10    , watt/m ^K 

T     - melt temperature,    K 
m 
r    = melt radius   ,   m 

m 2 

K        m 

It is assumed that the melt temperature is uniform, due to mixing of the melt, and equal 

to the melting point.   No recovery of the radiation is considered. 

If the skull has a uniform thermal conductivity, k, and the outside of 

the skuh is in contact with a "cold wall" maintained at a fixed low temperature, T , then 
o 

the power loss by therniftl conduction, P   , may be expresseH as: 

PT       ln(r/r) -^7r^(Tm     1^) (p^ 
o    m 

where: k = thermal conductivity, watts/m    K 

z = length    ,    m 

r   = outer radius of skull 

r   = melt radius 
m 

T   = "cold wall" temperature 
1 

PT      In r 
o 

T 

(32) 

m 

It is noteworth that, unlike equation (31\, equation (32) depends only on the relative 

skull thickness and not on the absolute size.    Thus, none of this power can be saved 

by scaling down (in radius) and, conversely, no more will be required in scaling up 

(in radius).   Considering only these processes, an approximate energy balance can 
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be written by equating input and output powers.    In the steady state: 

P    - P   + P 
E        R        T 

(33) 

Furthermore, stabilitv of the melt radius, r    . requires; 
m 

dP, 

dr 
m < 

R T 
4- 

dr clr 
m m 

(34) 

These two equations may be combined,  in terms of the functions, p   , p   , p    and the 
E     R     T 

radius ratio,  r = r   /r  , to yield: 
mo 

1     + 
R 

(35) 

which becomes; 

/  dp. 

dr 

r 

i + 
R 

1 
1  + 

R 
(36) 

The left hand quantity is evaluated graphically, in terms of the parameter F/>   (con- 

stant (y); some representative curves are plotted in Figure 6.   In all cases, the value 

decreases with melt radius.   If radiation is the major source of dissipation, the first 

term on the right dominates and becomes simply 2/r.   This, of course, also decreases 

monotonically as shown in Figure 7.   If conduction is the major dissipative process, 

then the second term dominates and becomes p /r.   This function has teen evaluated 

and is plotted in Figure 8.    This function approaches infinity at both i ^ 0 and r = 1, 

and shows a broad minimum at r = ca. 0. 4.   When both radiation and conduction are 
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important the effeci of each must be adjusted as given in equation {ob).   Comparison of 

Figures 6, 7 and 8 shows that small values of the melt radius ratio r, are unstable.    If 

radiation controls, it also appears that the value of F/> must be about 10 (in order to 

have the curves of Figure 6 below that in Figure 7),   When conduction controls, relative 

radii greater than ca. 0. G appear to be stable for high-conductivity melts, larger values 

being required for poorer conductivities.    It is concluded that the melt radius, r   .must 
m 

not be too small; thick skulls can be unstable.   The best results are anticipated with re- 

latively thin skulls and high values of F/* . 

The magnitude of the power required for skull melting may bj estimat- 
) 

ed from equations (30-3.'}).   For exmiple, application of equation (31) to BaZrC^ at 2600oC, 

with a melt radius of 3 cm, and assuming unit emissivity, results in a power of 11 Kw. 

The dissipation by ihermal conduction is more difficult to estimate.   Again using BaZrOg 

as an example and appiving equation (32) for z - 0. 1 m. T    = 2600oC. T   - 100oC, and 
m o 

r ^ 0. 7, one obtains P   ^ 4 x k  kilowatts.   The value will depend on the effective ther 

mal conductivity, k, in watts per meter per degree.   If "crystal" values are taken for 

the thermal conductivity, very high powers result.    However, the skull material will not 

usually be in large crystals but may be of very fine grain structure and highly disordered. 

Such a skull will have a much lower effective k than the crystalline material.   Neverthe- 

less, this may be a problem with certain materials that tend to form a crystalline wall. 

If possible, one would like to keep the effective conductivity, k, of the order of unity 

(watts/m  0K).    Experiments with perovskites indicate that this is not a major problem, 
y 

but it appears that other substances may I« different. 

U In summary, not all skulls are stable but the range of stability is suf- 

ficient provided that r is not too small and F/* is high enough..  The total power required 

may be substantial, perhaps 20 kw or more, due to high losses by radiation and thermal 

conduction.   A rather large rf power source mav be needed,   AX: ihis w. rk, a Lepel gen- 

erator capable of delivering 50 Kw was employed.    This generator Is a Class-C oscilla- 

tor with a 6696 triode.   The work coil is part of the "tank" coil in the oscillator.   Several 

frequency ranges (200-450 Kc, 2-5 Mcand 5-8 Me) are available.    Frequencies of 350 Kc 
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and ca. 3 Mc have been must often used.   It is estimated that powers exceeding 20 Kw 

have been delivered in certain of the skull-melting experiments. 

E. Control of Melts for Crystal Pulling 

As in all forms of melt-pulling, the conditions must be well controlled 

if high quality single crystals are to be made.   In the more common systems everything, 

except the melt level and the pulled crystal, remains fixed in position.   The temperature 

at various locations may be monitored and usRd for control purposes.   A common pro- 

cedure is to measure the crucible temperature with an optical pyrometer, and use that 

signal for controlling the generator.    This procedure is, of course, not possible in 

sKull-meiting where there is no crucible.   The only place where a temperature can be 

taken is the top surface of the melt.   Manual measurement of the surface temperature 

of the melts has been made in almost all the experiments, but so far it has not proven 

feasible to use the melt surface temperature in automatic control.   A considerable ef- 

fort has been devoted to measuring and controlling the electrical output of the generator. 

The present instrumentation includes: 

a) Meters to indicate the d-c plate voltage. E, , plate current, 
b 

L , grid current, I , and rms   r-f output current, I.   This 

instrumentation was supplied with the Lepel generator.   A 

magnetic amplifier and saturable core reactor was alsc.   n- 

cluded.   The reactor control current is also monitored. 

b) A Jennings capacitive voltage divider to reduce the coil 

voltage, e, for measurement on a Tektronix 551 Cathode 

Ray Oscilloscope, pick up coils for similarly displaying 

the r-f current, i, on the other channel; a G-R, r-f 

signal generator for monitoring the frequency.    The peak 

values, modulation index and approximate rms values may 

all be obtained from the oscilloscopic traces. 
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c)     A control console which includes rectifiers and filters to 'detect" 

both the r-f current (from a pick up coil) and the r-f voltage (from 

the CRO) and attenuate these signals for display on millivolt indi- 

cators or recorders; a d-c servomultiplier constructed from an L 

and N model H indicator; two Honeywell recorder controllers; 

Honeywell set-point and deviation amplifier and current controlling 

rate-proportional-reset controller.   This console permits record- 

I ing and controiiing from any of the measured signals.    Further- 

more a ''product" signal may be generated from two of the measur- 

ed quantities and used for control.   The "ratio" may also be record- 

ed.    Provision has also teen made for recording the controller out- 

put. 

d)     A shunt in the d-c plate circuit provides a "plate current" signal 

for control purposes. 

i e)     Input circuits to the control console to permit any other d-c signal, 

such as that from an optical pyrometer, to be used for control. 

The reason for this rather extensive instrumentation is that it was not obvious, a priori, 

which of several signals would be best to control.   The present set-up is extremely versi- 

tile, and permits using almost any of the measured variables for control purposes. 

Many attempts have been made to measure and control the "output power" 
2 

of the generator.   This power is I   R, where R is the effective resistance given in equation 

(27) and corresponds to the horizontal displacement in Figure 3.   If the inductive react- 

ance did not also change, the task would be simple.   In fact various approximate methods 

for measuring the "real" component of the impedance have been tested and used, including 

comparison of e and i in a "phase-sensitive detector circuit" (part of the rectifier section 

of the control console).   The accuracy of this, and all other simple methods, is degraded 

by the change in frequency of the oscillator as the load changes.   Were this frequency 

constant, accurate output power measurement could be made.    As it is, only a crude 

IV - 14 



approximation can be obtained. 

Two methods of controi cave been found most useful in skull-melting. 

They are control of r-f output current (or alternatively the current-voltage product) and 

control of the d-c plate current.   Since all power comes from the current circulating in 

the primary coil all coupling may be related to this r-f current.   However, the plate 

current is a more sensitive measure of the loading of the oscillator.   All th^se methods 

have been used and will be used in future crystal growing experiments.   The best control 

method will be selected empi'-icaily as the one capable of producing the best crystals. 

It has been demonstrated repeatedly that the generator can be con- 

trolled so as to hold a melt uf SrTiOj in an apparent steady state.    Furthermore, r, 

solid "island" may be maintained in the center of a melt at the cooler central region. 

Crystalline solid can be "pulled" from this central region.   It is concluded that the 

skull is_ compatible with thermal gradients necessary for crystal growing.   An analysis 

of the complex situation prevailing when both the skull and crystal must be in "phase- 

equilibrium" has been deferred in favor of empirical testing of the melting and pulling 

processes. 
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V. EXPERIMENTAL RESULTS AND MATERIALS 

A. Skull-Melting of SrTiO, and BaZrCh 

Many of the experimeniai results have already been mentioned in the 

previous discussions,    A summary of the tests on SrTiO? and BaZrOß is shown in Table 

A. The experiments are reported in chronological order.   Many exploratory tests have 

been omitted,  as have several experiments which were made on other substances to ob- 

tain information to guide the work on the perovskites.    Unfortunately, the actual melt- 

1  g runs, in work of this nature, only account for a fraction of the experimental time. 

Until repetitive procedures rue established, much of the laboratory labor must be de- 

voted to modification of the equipmer and const' uction of experimental apparatus. 

The appearance of one of the SrTiO;: melts is shown in the photo- 

g'aphs in Figure 9.    The skull may be clearly seen at the jeriphery of the melt.   In 

this experiment (2146-1) an attempt was made to nucleate crystal growth on an iridium 

pull-rod.   A polycrvstalline mass was formed vhich could be controlled in size and 

pulled.    In subsequent experiments there was evidence of relatively large single 

crystal regions (several mm ) that developed s   the pulling proceeded.    These ex- 

periments were designed to determine if pullin:    ould be carried out at all in a skuil 

melt.   They showed that it can.   This method of nucleation is unfavorable for single 

crystal growth.    Seeding with single crystal fragments will be necessary for pulling 

good single crystals.    Furthermore, these pulling tests were carried out quite quickly. 

It is evjected that crystals of SrTiOj and BaZrOj will have to he pulled very slowly, as 

requirt    by certain other perovskites.    It should be pointed out that all meltr uf SrTiOj 

and all pulled material show evidence of partial deoxidation, even when melted under an 

oxygen rich atmosphere.    The partial pressure of Or over stoichiometric SrTiOj is prob- 

ably higher than one atmosphere.   The resultant darkened materials are poor conductors 

of heat and will demand slow pulling.    The tv/o photographs in Figure S were made with 

different light attenuations.   The melt is far too bright to view without a dark filter and 

the camera must be similarly "stopped-down",    In the darker of the two pictures, dark 

lines or veini; are evident on the top surface of the melt.    The origin of such patterns, 
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rather characteristic of oxide melts, is speculative.    In any case they serve here to show 

the motion caused by convective stirring of the melt.    The pattern shown in the photo- 

graph is in constant and fairly rapid motion.   The direction of flow, upward on the out- 

side, toward the center, and down in the middle, is also common in melts contained in 

crucibles. 

While pulled single crystals air> the desired product, some informatio.' 

may be obtained from examination of solidified melts.    It has not usually been possible 

to cool these melts sufficiently slowly to induce growth of largn crystallites.    Like most 

oxides, however, these compounds have a large volume increase on fusion and corres- 

ponding contraction on freezing.   Shrinkage cavities may be formed wherein the remain- 

ing liquid may crystallize relatively slowly and without restraint.   With SrTiOß melts, 

these growth conditions produce interesting dendritic growth patterns.   The individual 

crystallites are small cubes shewing growth hillocks     These cubes are oriented in 

long dendritic chains along a low index direction.   This direction is frequently < 100 > 

but "corner growth" along <111> is also seen, and propagation along <110> may occur 

too.    The "registry" cf the crystallites may be maintained over a considerable distance. 

Examples of these dendritic formations are shown in the photographs in Figure 10.   With 

BaZrOj, the crystallites tend to be much smaller and are less well developeo.   Well 

formed cubes are not found, although only cubic BaZrQj may be found by x-ray analysis. 

These melts tend to quench more rapidly and produce fine crvstallites.    Unlike strontium 

titanate, the solidified melts of BaZrCK are not darkened but are of a cream-white color, 

indicating little if any reduction. 

B; Physical Examination of Products: 

Proof of the thesis that the lifetime of a fluorescent ion can be extend- 

ed by incorporation into a cubic perovskite struct!   e must rest on a fluorescent spectrum 

analysis and measurement of fluorescent decay times.    In addition the absorption spec- 

trum io highly informative     The spectrocopic information will be most valuable when it 

is obtained on a crystal of high purity and optical qualitv.    The experimental spectro- 

scopic methods demand a certain minimum quality and size of crystal.   In other words. 
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the crystal synthesis problems must be solved before detailed physical examination is 

warranted.    To the present, the synthesis problem has represented the major part of 

the program effort     Nevertheless., until quality crystals can be pulled, we must obtain 

what guidance and data we can from the materials so far synthesized. 

All m?terials synthesized have teen analyzed by x-ray and emission 

spectroscopy.   In almost all cases where the composition is near stoichiometry. the 

only phase observed is the perovskite (SrTiC^ or BaZrCy.   The emission speetro- 

scopk data shows the presence of Si, Al, Mg, Ca and traces of Cu in SrTiQj and 

Si, Al, Ca and traces of Mg, Fe and Cu in BaZrCV    It is expected that contamination 

can be reduced by using higher purity starting materials.   When dopants have been 

added they have invariably been detected in the crystalline products. 

A very few attempts have been made to obtain fluorescence spectra. 

In particular, a spectrum has been obtained for Sm doped BaZrC^, made early in the 

program.   A spectrum showing only a few well defined lines was obtained at 110K. 

The spectrum will be reexamined in hope of identifying the transition.    This phase of 

the program is quite incomplete.    An attempt will be made during the coming period, 

to characterize all doped crystals of BaZrOj (and where desirable SrTiOs). 

Several crystals of SrTi03 doped with Mn. were previously synthe- 

sized by the Verneuil technique.    These did not exhibit the desired fluorescence from 
+4 

Mn        The valence state and location of the dopant remained in doubt.   Representa- 

tive samples of Mn:   SrTiO^ have been oriented so that V '.y may be examined by elec- 

tron spin resonance.    Tins data will be obtained with the cooperation of Dr.  Paul Kasai 

of the Union Carbide Corporation, Research Institute.   It is anticipated that this will 

clarify the state of the doping in Mn:   SrTiQj. 

C^ Structure Analysis: 

During the first phase of this work, experiments were run in at- 

tempts to grow several of the perovskites and refractory oxides by means of a flux 

technique.   Several of the materials grown were identified, however, others did not 
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match available patterns of the compounds. 

Since that time, single-crystal x-ray work has been done to identify 

the structures. All x-ray data were collected on a Buerger Precession Camera using 

Copper K^ radiation.    The results are as follows: 

ThO;        Emission spectroscopy showed the only major cation to be Th.    Samples 

of the material wore heated to 1000eC in an oxygen atmosphere, however, 

no weight gain or loss was observed indicating complete oxidation of the 

Th.    Single crystal data gave the following results: 

Crystal Class - Monoclinic 
o 

Lattice Constants - a = 5. 25 A 

b - 6. 23 A 

c = 6. 93 A 

)'= 50° 55" 

UQ) Emission spectroscopy showed U and a trace of Li.   Single crystal data 

gave the following results: 

Crystal Class        - Tetragonal 
o 

Lattice Constants - a = 6. 85 A 
o 

b = 11.28 A 

STZTOJ   Emission spectroscopy showed the major cations to be Sr and Zr.    Exam- 

ination of several crystals showed a rhombohedral habit.   Single-crystai 

data gave the following results: 

Crystal Class        - Rhombohedral 
o 

Lattice Constants ~ a = 5. 89 A 

«X = 58° 34' 

These data are not the same as those reported by Roth      for SrZrQ;. 

However he found the data on SrTiOj to be rather ambiguous.   In either case, the struc- 

ture is not cubic, as is BaZrOj. 



VI. PLANS FOR NEXT PERIOD: 

The program for the next period will emphasize experiments on the Czochralski 

pulling of BaZrOj.    It is hoped that the difficulties of skull-melting can be overcome well 

enough to produce the type of crystals needed for a good evaluation.   The solution of this 

problem requires having a more reproducible starting procedure.    Variations in the start- 

ing procedure are now wing tested. 

When crystals of BaZrQj can be pulled, specimens of pure BaZrOj will be made. 

Crystals will also be pulled from melts doped with one or more of the following rare 

earth oxides (Sn^Oj, EuoQj, Yb2Q5)-    ** tne evidence indicates the presence of the tri- 

valent sta'^e for the rare earth, experiments may be conducted in reducing atmospheres. 

Materials to be made and those already made on this program will be examined 

to the extent feasible, with regard to crystal quality, to ascertain the state of the host 

crystal and dopant.   When possible this will include fluorescence spectra.   Emphasis will 

be given to determining the state of rare earth dopant ions in BaZrO^.    The investigation 

of the state of Mm   SrTiOj by electron spin resonance will be completed. 
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FIGURE 1 

PHASE DIAGRAMS 
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FIGURE 2 

COMPLEX EFFECTIVE PERMEABILITY 
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FIGURE 4 

ELECTRICAL CONDUCTIVITIES OF VARIOUS SUBSTANCES 

AS A FUNCTION OF 1/T   *K 
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FIGURE 5 

ELECTRICAL POWER FUNCTION,   PE MTlK^) 
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FIGURE « 

ELECTRICAL POWER DERIVATIVE FUNCTION 
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FIGURE 7 

RADIATION POWER DERIVATIVE FUNCTIO 
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FIGURE 8 

THERMAL CONDUCTIVITY 
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Figure 9 - Photographs of Skull Melts of SrTiOs 



Figure 10 - Photographs of Solidified Melts of SrriOj 
Showing Dendritic Growth 
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2_ 0216  __MITHRASt INC* 54 

J 0216 CAMBRIDGE 39, MASSACHUSETTS       54 

1  0217     DR. J. H. SCHULHAN 54 

2  0217 SOLID STATE DIVISION 54 

3_    0217     U. S. NAVAL RESEARCH LABORATORY 54 

4  0217     WASHINGTON 25, D. C ■ 54 

T 1  0218     DR. JACK A. SOULES jk 54 

54 g  0218  _ PHYSICS DEPARTMENT     ^^       ^0 
"got  ——-  — 

3 0218     NEW MEXICO STATE UNIVERSITY.  fl 34 

4 0218     UNIVERSITY PARK, NEW MEXICO. 54 

1  0219     DR. ARDEN 5HER 

2      0219     VARIAN ASS0rrATc5 

54 

54 

3 0219     611 HANSEN WAY ^ 

4 0219     PALO ALTO, CALIFORNIA ^4 



• 

1 0220 PHYSICAL SCIENCES DIVISION 54 

2 0220 ARMY RESEARCH OFFICE 54 

3 02 20 . OFFICE» CHIEF» RESEARCH i   DEVELOPMENT 54 

4 0220 WASHINGTON 25, D. C. 54 

5 0220 ATTN DR. ROBERT A. WATSON 54 
♦ 

iPi i 0221 CHIEF SCIENTIST 54 

2 0221 U. S. ARMY ELECTRONICS COMMAND 54 

3 0221 

0221 

FORT MONMOUTH» NEW JERSEY 54 

4 ATTN DR. HANS K. ZIEGLER 54 

1 0222 DIRECT0R» INSTITUTE FOR EXPLATORY RESEARCH 54 

2 0222 ARMY SIGNAL RESEARCH&DEVELOPMENT LABORATORY 54 

3 0222 FORT MONMOUTH. NEW JERSEY 54 

*r 0222 ATTN DR. E. M. REILLEY 54 
* 

1 02?3 ASST DIRECTOR OF SURVEILLANCE 54 

2 0223 ARMY SIGNAL RESEARCH&DEVELOPMENT LABORATORY 

FORT MONMOUTH, NEW JERSEY 

54 

3 0223 54 

4 0223 ATTN DR. HARRISON J. MERRKL 54 

0225 

• 

1 DIRECTOR OF RESEARCH & DEVELOPMENT 54 

2 0225 

0225 

0225 

ARMY ORDNANCE MISSILE COMMAND 54 

3 HUNTSVILLE» ALABAMA 54 

4 ATTN MR. WILLIAM D. MCKNIGHT 54 

- 

• 



_1_ 0226 QFFICE>_CHIEF OF .NAVAL OPERATIONS /OP^OIT-LI/     ?4 

Z     0226     DEPARTMENT OF THE NAVY 54 

3 0226     WASHINGTON 25, D. C 54 

4 0226     ATTN MR, BEN ROSENBERG 54 

• 
1 0227     BUREAU OF NAVAL WEAPONS /RR-2/    - 54 

2 0227     DEPARTMENT OF THE NAVY 54 

3_ 0227     WASHINGTON 25, D* C.                                      54 

4  0227     ATTN DR. C. H. HARRY 34 

1  0228     BUREAU OF SHIPS /CODE 305/ 54 

2 0228     DEPARTMENT OF THE NAVY 54 

J 0228     WASHINGTON_25, D. C.  54 

54 4  0228     ATTN DR. G. C. SPONSLER 

1L 0229 OFFICE OF NAVAL RESEARCH /CODE 402C/ »       54 

2 0229 DEPARTMENT OF THE NAVY  54 

3 0229     WASHINGTON^, D. C 

4 0229     ATTN DR, SIDNEY REED 

54 

54 

1 0230     OFFICE OF NAVAL RESEARCH /CODE 421/ 03  COPIES   54 

2 0230     DEPARTMENT OF THE NAVY - u 

3 0230     WASHINGTON 25, D. C    _„ _ 54 

4 0230     ATTN MR. FRANK B. ISAKSON 54 

I 1 0231 OFFICE OF NAVAL RESEARCH /CODE 406Y/                       54 

I 2 0231 DEPARTMENT OF THE NAVY                                       54 

I 3 0231 WASHINGTON 25, D. C. 

I 4 02 31 ATTN MR. J. W. SMITH 

5 4 

5^ 



-.,=.„1. _02.32__ 

0232 

NAVAL RESEARCH LABORATORY /CODE 6440/ . ' . _.  _ .._ 54. 

2 DEPARTMENT OF THE NAVY 54 

3 0232 WASHINGTON 25» D. C« 54 

^ 0232 ATTN DR. C. C. KLICK 54 

. 

1 0233 NAVAL RESEARCH LABORATORY /CODE 7360/ 54* 

O -__2_ 0233 DEPARTMENT OF THE NAVY 54 

3 0233 WASHINGTON 25. D. C* 54 

4 0233 ATTN DR. L. F. DRUMMETER 54 
■ 

% 
- 

1 0234 HEADQUARTERS USAF /AFRDR-NU-3/ 54 

2 0234 DEPARTMENT OF THE AIR FORCE 54 

3 0234 WASHINGTON, D. C. 54 

4 0234 ATTN LTCOL E. N. MYERS 54 

• 

_L 0235 RESEARCH 6 TECHNOLOGY DIVISION - 54 

2 0235 BOLLING AFB 54 

3- -0235 WASHINGTON, D. C. 
■• 

54 

4 0235 ATTN MR. ROBERT FEIK 54 

-   1 0236 

0236 

OFFICE» AEROSPACE RESEARCH /MROSP/ 54 

2 WASHINGTON 25, D. C. 54 

3 0236 ATTN LT, COL, IVAN ATKINSON 54 

0238 

0231 

C238 

0238 

C238 

1 TECHNICAL AREA MANAGER /760A/ 54 

2 ADVANCED WEAPONS AERONAUTICAL SY 

WRT'iHT-PATTERSON AFR 

OHIO 

STEMS DIV 54 

3 
—- — — 

54 

4 54 

5 ATTN MR. DON NEWMAN PA 



1 02 39 PROJECT   gN0!Ngga   /S^jTj  ._„,,.  ^„„_ 54 

2 0239_ AEROSPACE   RADIATION  WEAPONS ^       ______^  54 

3 0239 AERONAUTICAL  SYSTEHS  DIVISION         54 

4 0239 WRIGHT-PATTERSON   AFB        . 54 

5 0239       _   OHIO 54 

6 0239 ATTN   MR.   DON   LEWIS . 54 

10240 AIR   FORCE   SPECIAL   WEAPONS  CENTER   /SWRPA/   54 

2     0240_        KJRTLAND   AEB_  ___^_^_________       54 

_3___JD240_ NEW  MEXICO  „_„ ' ] 54 

4     0240_ ATTN   CAPT.   MARVIN   ATKINS 54 

1 Q24I  PROJECT   ENGINEER^55^1/^ COMET  5^ 

2 _0241_ ROME  AIRDEVELOPMENT^ CENTER^  54 

3 0241 OR IFF ISS  AFg   •       _ ^^^ 54 

4 0241 NEW   YORK  ; 54 

5 0241 ATTN   MR.   PHILLIP   5ANDLER 54 

1     0242 DEPARTMENT   OF   ELECTRICAL   ENGINEERING >_  5A 

20242 NEW   YORK   UNIVERSITY               _ 54 

3     0242  UNIVERSITY  HEIGHTS ^_ 54 

4_ 0242 NEW   YORK.   NEW  YORK  54 

5      0242 ATTN   MR.    THOMAS   HENION 54 

1 0243 BMDR                                         ^_  . Q     COPIES        54 

2 0243 ROOM   2   B   263    3A 

3 0243 THE   PENTAGON 54 

4 Ü243 WASHINGTON   25t D.   C. 

5      0243 ATTN   LT.COL.   W,   B.   LINDSAY :: 4 

!- i»-~r    h, ~^rr - . -^ai^SSiVV-V D. .rr ^». --V f    - .»^V^rg^f-^-^i- -  -      —L,— l'l »-^.1.!^..— - Jm   — I L, |     J L .J| 



i 
J 

0284 MRV JOHN   EM.METT    54 

0284 PHYSICS   DEPARTMENT 54 

3_ 0284 STANFORD   UNIVERSITY ,        _ 54 

4     0284 PALO  ALT0.   CALIF. 54 

r -0326 , SECRETARY.   SPECIAL  GROUP  ON  OPTICAL  MASERS 03     COPIES        54 

2     0326 ODDRCE   ADVISORY   GROUP   ON   ELECTRON   DEVICES 54 

3      0326 346   BROADWAY   -   8TH   FLOOR 54 

4     0326      •     NEW   YORK   13»   NEW   YORK 54 

1 0352 ASP   /ASRCE-3I/  ^ 54 

2 0352 WRIGHT-PATTERSON   AFR,   OHIO 5A 

1 0354 DR.   W.   HOLLOWAY . .54 

2 Ü354 SPERRY   RAND   RESE/RCH   CENTER 54 

3 0354 SUDöüRY»   MASSACHUSETTS 5^ 

Ü 

'■rt.".-'- ■--■-r-^"*" .:' 



J 03_72_ TECHNICAL _AREA MANAGED ^7608/ 

2 ..„03.7i_  SURVEILLANCE ELECTRONIC SYSTEMS DIVISION 

j 5372   ^L« 0» HANSCQH AF8 „_________________ 

4 0372 MASSACHUSETTS   , 

5 0372 

54  | 

54 _ 

54 

ATTN MAJOR H. I. JONES» JR. 

1 0388 

2  0388 

3  0388 

COMMANDING OFFICER 

U. S. NAVAL ORDNANCE LABORATORY 

CORONA» CALIF. 

.54 

54 

54 

1 0420 

2_ 0420^ 

3  0420 

4 0420 

5 0420 

DIRECTOR 

U. S. ARMY ENGINEERING RESEARCH 

AND DEVELOPMENT LABORATORIES 

FORT 8ELVOIR, VIRGINIA 

ATTN TECHNICAL DOCUMENTS CENTER 

54 

54 

54 

54 

54 

1__0449 

2  0449 

3- 0449 

4 0449 

5 0449 

OFFICE OF THE DIRECTOR OF DEFENSE 

DEFENSE RESEARCH AND ENGINEERING 

INFORMATION OFFICE LIBRARY BRANCH 

PENTAGON BUILDING 

WASHINGTON 25» D. C. 

02  COPIES 54 

54 

54 

54 

54 

1 0471 

2 0471 

3 0471 

U. S. ARMY RESEARCH OFFICE 

BOX CM, DUKE STATION 

DURHAM» -MORTH CAROLINA 

02  COPIES 54 

54 

54 

i 



±    0499  . ^DEFENSE DOCUMENTATION CENTER . 20 COP I ES   54 

2 0499  CAMERON STATION BUILDING 54 

3 0499     ALEXANDRIA 14, VIRGINIA 54 

I .0 5 21 DIRECTOR  _„_„ _  06 COPIES  54 

2  0527     U. S. NAVAL RESEARCH LABORATORY   ■ 54 

i-. 3  0527 TECHNICAL INFORMATION OFFICER 54. 
f 

>  052/ CODE _|000» CODE 2021     54 

5  0527     WASHINGTON 25. D. C. 54 

1 0555_ COMMANDING OFFICER 54 

2 055§    OFFICE OF NAVAL RESEARCH BRANCH OFFICE      54 

3 0555     2 90 ftt   MICHIGAN AVEMUC     2-/9   d. J& l**ji^C*^^ 54 

4  0555     CHICAGO, ILLINOIS 60604— 54 

1 0584 COMMANDING OFFICER 54 

7 0r84 OFFICEJDF NAVAL_RESEARCH BRANCH OFFICE  54 

3 0584 207 W. 24TH ST. 54 

4 0584 NEW YORK 11, NEW YORK 10011 • 54 

- 1 064 0 

  2 0640 

3 

4 

0640 

i Ü640 
  

COMMANDING OFFICER 54 

OFFICE OF NAVAL RESEARCH BRANCH OFFICE     54 

1000 iiEARY_STRFE^ .        54 

SAN FRANCISCO, CALIFORNIA 94109 54 

1 0696     AIR FORCE OFFICE OF SCIENTIFIC RESEARCH s/, 

2 0696     WASHINGTON 25, D. C 54 

 » - --~- E- 



JL .„0724 DIRECTOR 54 

2 072A NATIONAL BUREAU Or STANDARDS 54 

3 0724     WASHINGTON 25» D, C. 54 

1  0752     DIRECTOR 54 

2 0752     RESEARCH DEPARTMENT 54 

3 0752  U, S, NAVAL ORDNANCELABORATORY  _____ 54 

4 0752 WHITE OAK, SILVER SPRING» MD.   5A 

1 0780  COMMANDING OFFICER 54 

2 0780 OFFICE OF NAVAL RESEARCH BRANCH OFFICE 54 

3 0780     1030 EAST GREEN STREET 54 

^ 0780 PASADENA, CALIFORNI A_91101         54 

1 0808 COMMANDING OFFICER 54 

2 030S OFF ICE OF NAVAL RESEARCH BRANCH OFFICE 54 

3 0808     495 SUMMER STREET 54 

«: 0808     BOSTON S^>_MASS._ OX^tO '                                 54 

L 08J6 _.U*_S^,NAVAL_ilADIOl-0GI^AL DEFENSE LABORATORY  54 

2  0836     /CODE 941/ 54 

3  0836 SAN FRANCISCO» CALIFORNIA 94135  5^ 

1 0853     COMMANDING OFFICER   __ 54 

2 0853     U. S. ARMY MATERIALS RESEARCH AGENCY 54 

3 0853     ATTh TECHNICAL LIBRARY 54 

4 0853    WATERTOWN, MASSACHUSETTS 02172 54 

1 



- * 

-= — 

I _0815__ 

0875 

BOULDER LABORATORIES %4 L 

2 NATIONAL BUREAU OF STANDARDS 54  . 

3 0875 ATTN LIBRARY 54  ,. 

U 0875 BOULDER» COLORADO 54  L 

• 

i 

1 0918 AIR FORCE WEAPONS LABORATORY 54  ; 

\ 1  2 0918 ATTN GUENTHER WLRPF 54  [ 

3 0918 KIRTLAND AIR FORCE RASE 54  I 

4 0918 NEW MEXICO 54  . 

0932_ 

0932 

1 CHIEF. BUREAU OF NAVAL WEAPONS 54 [ t 

? DEPARTMENT OF THE NAVY 54  . 

54  I 3 0932 WASHINGTON 25» D. C. / 

4 0932 ATTN J. M. LEE RMGA-81 54 

1 0976 AIR FORCE CAMBRIDGE RESEARCH LABORATORIES 54 i 
• 
i 

2 0976 ATTN CRXL-R» RESEARCH LIBRARY 54     ; 
*■ 

3- -0976 LAWRENCE G. HANSCOM FIELD 54 

4 0976 BEDFORD» MASSACHUSETTS 54 

- r 

1 0988 BATTELLE MEMORIAL INSTITUTE 54 

2 0988 505 KING AVENUE 54 

3 0988 COLUMBUS 1» OHIO 54  . 

54  ] 4 0988 ATTN BMI-DEFENDER 1 

2 
— - 

1 1030 

1030 

103Ü 

HEADQUARTERS, USAELRDL 54 3 

2 FORT MONMOUTH. NEW JERSEY 07703 5^ i 4 
m  

3 ATTN SELRA/SARjNO-4» X» AND PF 5 

™...-.. ,.. .__._  .   ._._._-.             -   . .-- 

I 
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1 1032 

2 1032 

3 1032 

COMMANDtR» L'. S. NAVAL ORDNANCE TEST STATION 

CHINA LAKE. CALIF 

ATTN MR, G. A. WILKIN5 /CODE 40^1/ 

54 

54 

1 

2 

J_ 

h 

lQ3b_ 

1036 

1036 

1036 

J. C, ALMASI 

GENERAL ELECTRIC COMPMNY 

ADVANCED TECHNOLOGY LABORATORIES 

SCHNECTADY, N. Y. 

1_ 

2 

3 

1039 

1039 

1039 

1039 

PROF. RUBIN BRAUNSTEIN 

UNIVERSITY^ OF CALIFORNU 

DEPARTMENT OF PHYSICS 

LOS ANGELES 24. CAL. 

1 1040 

2 _ 1040 

3 1040 

N. I. ADAMS 

PERKIN-ELMER CORP* 

NORWALK, CONN. 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

54 

1 1046 

2 1046 

3 1046 

4 1046 

5 lf'46 

E. P. REIDEL 

QUANTUM ELECTRONICS DEPT. 

WESTINGHOUSE ELECTRIC CORP. 

RESEARCH LA80EAT0RIFS 

PITTSBURGH. PA. 

54 

54 
__. 

54 

54 
" " • —T 

54 



1 1QA7     PRQF> H. G» HANSON ,,5^ 

2 XOty UNIVERSITY OF MINNESOTA    ^      5A 

3 1047     DULUTH» MINN 54 

1_ 1Q48 P. SCHAFFER     .„___  ^5^ L 

2 1048  LEXINGTON LABORATORIES t INC.         54_ L 

3  1048^ 84 SHERMAN ST> ____^„^  5^ r 

41048 CAMBRIDGE» MASS. 54 L 

1  1049 Lv E, RAUTtOtA  54 

2^    10 49 LINDE COMPANY» DIV I S10 N OF UNION CAR B I D F  54 

3 1049     EAST CHICAGO» IND. 54 

1 1050 F. S. 6ALASS0          ' 54 

2 1050 UNITED AIRCRAFT CORP RLSEARCH LABS. 54 

3 1C50 ^A^iil5!.' 5^ 

4 1050 EAST HARTFORD. CONN. 54 

1 1051     J. W._NIELSON 54   I 

2 lOSr    AIRTRON» DIVISION ÜF LITTON INDUSTRIES 54   U 

3 1051     MORRIS PLAINS» N, J. 54   L 

1 1052     E. M« FLAN I GEN ,  54   [_ 

2 1052     LINDE COMPANY 54 

3  1052     DIVISION OF UNION CARBIDE " 5^ 

^t  1052     TONAWANDA» N. Y. 54 



1 1053 

2 105^ 

3 1053 

W. PRINOLE 

AMERICAN OPTICAL COMPANY 

14 MECHANIC ST, 

4 1053 

1 1054 

|  2 1054 

3 1054_ 

4 1054 

SOUTHBRIDGE» MASS, 

R. G. MEYERLAND 

PLASMA PHYSICS 

UNITED AIRCRAFT CORP, 

EAST HARTFORD 8. CONN, 

54 

54 

54 

54 

54 

54 

54 

2^ 

3 

4 

1055 

1055 

1055^ 

1055 

PROF, N. BLOEMBERGEN^ 

HARV ^D UNIVERSITY 

DI VISION OF ENGIN E E RIN G G APPLIED PHYSICS 

CAMBRIDGE 38, MASS, 

54 

^4 

54 

54 

1  1056 

2 1056 

3_  1056 

4  1056 

PRC-, R, J, COLLINS 

UNIVERSITY OF MINNESOTA 

DEPARTMENT OF ELECTRICAL ENG. 

MINNEAPOLIS 14, MINN, 

1 1057 

2 1057 

3 1057 

DR. ALAN KOLB 

Ü. S# NAVAL RESEARCH LAB, 

WASHINGTON» D, C, 

1 

2 

3 

4 

1058 

1058 

10 58 

l';58 

PROF, J, M, FELDMAN 

CARNEGIE INSTITUTE OF TECHNOLOGY^ 

DEPARTMENT OF ELECTRICAL ENGR. 

PITTSBURGH 13, PENNA, 

54 

54^ 

54 

54 

54 

54 

54 

54 

54 

54 

54 



» 

1 1059 PROF, ARTHUR SCHAWLOW 54   1 

2 1059 

1059 

STANFORD UNIVERSITY 54 

3 STANFORD» CALIFORNIA 54 

i 

1 1Ü65 RESEARCH MATERIALS INFORMATION CENTER 54 

54 2 1065 OAK RIDGE NATIONAL LABORATORY 

n   3 1065 POST OFFICE BOX X 

OAK RIDGE» TENN. 37831 

54 

5^ 4 1065 

1 1066 J-5 PLANS AND POLICY DIRECTORATE 54 

2 1066 JOINT CHIEFS OF STAFF 54 

3 1066 REOUIREMENTS AND DEVELOPMENT DIVISION 54 

4 1066 ATTN SPECIAL PROJECTS BRANCH 54 

5 1066 ROOM 2D982» THE PENTAGON 54 

6 1066 WASHINGTON. D. C.» 20301 54 
- . 

1 1067 ADVANCED RESEARCH PROJECTS AGENCY 54 

2 1067 RESEARCH AND DEVELOPEMENT FIELD UNIT 54 

3 1067 APO 143» BOX 41 54 

4 1067 SAN FRANCISCO» CALIF. 54 
- 

• i 

1 1068 ADVANCED RESEARCH PROJECTS AGENCY 54 

2 1068 

1068 

1068 

1068 

RESEARCH 6 DEVELOPMENT FIELD UNIT 54 

3 APO 146» BOX 271 54 

4 SAN FRANCISCO» CALIFORNIA 54 

5 ATTN MR. TOM BRUNDAGE 54 
.- 1 

t 
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Additions to List $k 

Air Force Materials Laboratory 
Air Force Systems Command 
Wright-Fatteraon Air Force Base. (Mo h$h33 
Attas MAAM (Lt# John H, Estess) 

Dr. C, H« Church 
Westinghouse ELeotrio Corporation 
Research Laboratories 
Pittsburgh 35, Pennsylvania 

Prof, Donald S, McClure 
Institute for the Study of Metals 
University of Chicago 
Chicago 37, Illinois 

Dr. Daniel Graf stein 
General Precision, Inc. 
Aerospace Group 
Little ^alls. New Jersey 

■   i 



MORE ADDITIONS TO LIST 5k 

i 1 

- 5 

LJ 

Profesior R. C. Ohlmann 
Westinghouse Research Laboratories 
Pittsburgh, Pennsylvania 

Dr. R» C, Linares 
Perklj>.E!^Br Corporatiwa 
Solid State Materials Branch 
Norwalk, Connecticut  p6852 

Dr# J« G, Atwood 
PerkirvElmer Corporaticai 
Electro-Optical Division 
Norwalk, Connecticut 

Professor $• Claesaon 
Uppsala University 
Uppsala, Sweden 

if 
U 

n 11 

11 



FURTHER ADDITIONS TO LIST 54* 

Robert L. Parker 
National Bureau of Standards 
WaghingtOQ, D. C. 

N.D. Schoenberger 
Precision Instrument Company 
3170 Porter Drive 
Palo /,'.:o, California 

♦Authorized by letter 

ONR;421:CES:lm 
NR 017-708 
30 November 1964 

ONR:421:FBI:Isp 
13 Nov 1964 


